Introduction
Cancer-induced cachexia occurs in several cancers and is a significant cause of morbidity and mortality (1) (2) (3) (4) . In pancreatic cancer, especially, the syndrome affects approximately 80% of patients (2) . Cachexia compromises the effectiveness of cancer therapies, and contributes to decreased survival rates (1) (2) (3) (4) (5) (6) ). An international effort has led to a more precise definition of cancer-associated cachexia and to objective measures of cachectic symptoms with the purpose of early diagnosis of the syndrome to achieve effective treatments (4) . Cachexia is currently defined as an unintentional weight loss of >5% over a 6 month period, or a body-mass-index (BMI) <20kg/m 2 with ongoing weight loss of >2%, or sarcopenia and ongoing weight loss of >2% (4) . Noninvasive biomarkers that identify precachectic patients who will progress to cachexia and refractory cachexia (4) are an urgent and unmet requirement. If the onset of cachexia is detected early, nutritional interventions appear to delay its progression (7) .
However, the systemic as well as molecular mechanisms initiating and driving cancer cachexia, as it presents in the clinic, have yet to be definitively identified and the syndrome remains an enigma even in the 21st century.
Despite extensive preclinical and clinical investigations into therapies aimed at reversing cachectic progression (7) (8) (9) (10) , to date only complete eradication of the cancer has been effective (1, 11) . This is problematic as cachexia is most often recognized at later stages that include metastatic disease, where complete surgical resection of all malignant tissue is not feasible (12) . Under these conditions, and independent of cancer type, it has been repeatedly demonstrated that cachexia is closely associated with increased co-morbidities, more complications during surgeries, less responsiveness to chemo-and radiotherapies, and thus, lower survival rates (1-3, 5, 11-13) .
Transplantable tumor tissues or cell lines as well as carcinogen induced cancers have been extensively studied (14) (15) (16) (17) (18) , and have provided important data strongly implicating hormones, cytokines, and catabolic pathways as contributing factors to cancer associated cachexia. However, mechanistic results with respect to causality of muscle specific wasting have often not been confirmed in clinical studies (19) (20) (21) (22) (23) (24) (25) (26) . Few rodent models of pancreatic cancer cachexia have been available, resulting in a sparse data set to draw conclusions from (15, 16) . Moreover, currently there is no imaging reporter system for longitudinal monitoring to detect the early onset of this syndrome. The availability of such a reporter system in combination noninvasive metabolic imaging would allow the holistic identification of the temporal and spatial unfolding of metabolic patterns to obtain new insights into the cascade of metabolic events that drive the morbidity and mortality associated with this syndrome, identify new targets for its treatment, and identify clinically translatable biomarkers.
Here we report on the initial characterization of a myoblast optical imaging reporter that allowed real time longitudinal monitoring to detect the early onset of cancer induced wasting.
The reporter myoblasts were engineered with inducible red fluorescence protein (tdTomato: tdT) expression driven by the human muscle ring finger-1 (MuRF1) promoter, based on evidence that MuRF1 may be up-regulated during muscle atrophy (27) . The myoblast reporter was validated in mice with human pancreatic cancer xenografts that induced weight loss. We demonstrated that tdT fluorescence signals were reproducibly detected only from skeletal muscle grafts during weight loss and that tdT fluorescence could be quantified during small amounts of weight loss in mice with low tumor burdens. As a first step to holistically identifying the sequence of metabolic changes that occur with onset, quantitative 1 H magnetic resonance spectroscopy (MRS) of plasma identified a depletion of lipids, cholesterol and triacyglycerides (TAG) in lipoproteins, along with the ketone body precursor valine, as well as a reduction of alanine in the muscle of tumor bearing cachectic mice relative to tumor bearing weight gaining and non-tumor bearing control mice.
Materials and Methods
Generation of bidirectional dual reporter mammalian expression vector containing human MuRF1 promoter. An in-house version of the pGL3basic (pGL3b) vector (Promega) was used as a backbone for the construction of our dual reporter vector. The tdT coding sequence (insert) was cloned into the luciferase site of our pGL3b vector using a Hind III plus Xba I digestion of the vector and insert followed by standard DNA purification and cloning steps generating pGL3b-tdT. A triple tandem (tT) glucocorticoid binding element (GRE) /FOXO1 binding element (FBE) sequence from the proximal promoter of the human MuRF1 gene (27) gene fused to its core promoter sequence was synthesized at Biomatik and supplied as a pBlueScript construct. The promoter of pGL3b-tdT was excised with a Bsg I plus Kpn I digestion, blunted with T4 pol, and dephosphorylated with calf intestinal phosphatase (CIP).
provided by Dr. Maitra of the Johns Hopkins University School of Medicine in 2012. The Panc1 cell line was established from a primary pancreatic ductal adenocarcinoma from a 56 year old male patient (30) , and Pa04C was isolated from a lung metastasis in a 59 year old male patient with stage IV pancreatic adenocarcinoma (28) . Panc1 and Pa04C were authenticated at the Johns Hopkins Genetic Resource Core Facility using human specific short tandem repeat (STR) markers, within the past six months. The STR profile of Panc1 and Pa04C cells were verified using the ATCC database. All cell lines were cultured in DMEM-10% FBS at standard 37 o C, 5% CO 2 , humidified incubator conditions.
Rat L6 cell cultures were initiated at 7,000 cells/cm 2 and maintained at ~40-50%
confluence, to maintain their blast state. For differentiation, rat L6 cells were grown to ~90-100% confluence, then placed into DMEM-2% horse serum for 10-14 days and monitored visually for multinucleated myotube formation. Differentiation was considered complete when contraction of the fused myotubes away from small areas of the substratum was evident. (27) that was fused to the core promoter region (TATA box and transcription start site) of the same gene (Fig. 1A) . Also included in the promoter is an additional FBE site that overlaps with the TATA box region, two putative SMAD binding elements (SBE), and possible myogenin binding elements (Fig. 1A) . We have designated this promoter: tTMuRF1 (Fig. 1B) . The schematic shown in Figure 1B indicates relative positions and orientations of all the basic components of the vector. We opted not to include a mammalian antibiotic selection marker as clone selections can be followed using GFP fluorescence.
As seen in Figure 1C at all stages of growth, including myoblasts at 40-50% confluence (top panel), myoblasts at 100% confluency (middle panel), and differentiated myotubes (bottom panel), red fluorescence was only observed after 24 hr of induction with DEX (+DEX) treatment.
To evaluate if To3B cells would exhibit constitutive tdT fluorescence activity, i.e., leakiness, within the context of living muscle, we tested these reporter myoblasts as an orthotopic xenograft in the hind leg muscle of a normal nude mouse. During weekly imaging of GFP fluorescence to assess To3B graft growth, no tdT fluorescent signal was observed. At 4 weeks, i.p. administration of 100 μg DEX resulted in strong expression of tdT fluorescence at 24 hr (Supplemental Fig. S1 ). These data indicate that these L6 myoblast cells displayed stable constitutive expression of GFP, and inducible tdT fluorescence expression that was dependent on molecular events that occur in living muscle after an appropriate stimulus. (Fig. 2C, 2x objective) showed that bright GFP fluorescence was seen from the To3B grafts in freshly dissected mouse hind legs from all mice. However, virtually no tdT fluorescence was detected from To3B grafts from mice with Panc1 tumors (Fig. 2C ) while robust tdT fluorescence was readily seen in the grafts from mice with Pa04C tumors (Fig. 2C) . Figure 2D is a graphical representation of tdT/GFP signal ratios plotted against percent weight change. Figure 2D confirms that weight gain (Panc1 mice) was associated with low or zero tdT/GFP ratios while weight loss (Pa04C mice) was associated with high tdT/GFP ratios.
During the longitudinal tracking of tdT expression, we observed tdT/GFP ratios above the background of ~0.25 at 8 and 10 days post Pa04C tumor cell inoculation (Supplemental Fig. S3) at which time small weight losses in the range of 1-2% were observed. These data suggest that the reporter system was detecting changes at low tumor burdens and small weight losses, indicative of early onset of cachexia. tdT/GFP ratios from Panc1 tumor bearing mice did not, at any time, exceed background levels of ~0.25.
Overall, the optical imaging data provided evidence that tdT fluorescence was switched on due to tumor associated changes that caused weight loss (Fig. 2D) . 
Cachexia and tdT signal induction were independent of tumor size. Tumor growth curves are shown in Figure 3A . There was variation in the growth rate of Pa04C tumors (Fig. 3A) . Two mice supported rapidly growing tumors while two supported slower tumor growth rates. Panc1 tumors grew at rates comparable to those of slow growing Pa04C tumors (Fig. 3A) . All mice with Pa04C tumors were sacrificed after 22 or 24 days of tumor growth regardless of tumor size or growth rate (Fig. 3A) , which proved to be independent of weight loss (Fig. 3B) as well as tdT fluorescence (Fig. 3C) . To rule out the possibility that larger Panc1 tumor burdens would cause weight loss or would induce tdT fluorescence, three Panc1 mice were not sacrificed before their tumor sizes were at least comparable in size to those of the largest Pa04C tumors, i.e., ≥ 400 mm 3 , which occurred between 32 -38 days after tumor cell inoculations (Fig. 3A) . From Figure   3B it is seen that a small ~150 mm 3 Pa04C tumor could cause ~10% weight loss that was similar to mice with ~300 or 450 mm 3 Pa04C tumors. In comparison, ~50 to 500 mm 3 Panc1
tumor burdens correlated to weight gains only (Fig. 3B) . Large Panc1 tumors did not exhibit corresponding proportional increases in tdT fluorescence. As shown in Figure 3C , tdT/GFP ratios across all Panc1 tumor sizes remained substantially lower than the tdT/GFP ratio of the smallest Pa04C tumor volumes. Figure 4A . The representative differential changes in the lipid signal of lipoproteins from these three groups is evident in Figure 4A . A magnification of the appropriate spectral regions is shown in Figure 4B where the changes in TAG and cholesterol in the lipoproteins, and in valine are represented. tumor bearing mice (*p < 0.05 and + p < 0.1). As shown in Figure 6C , a strong positive correlation (r 2 = 0.81) was found between low muscle levels of alanine and weight loss.
Discussion
Cancer associated cachexia is a multifactorial systemic condition. The resulting loss of lean muscle mass, compromises functional status, surgical outcomes, treatment strategies, and ultimately patient survival (1-5, 11, 12, 19-26) . Lean skeletal muscle is the principal source of protein for the body and the major integrated component of systemic protein, amino acid, and nitrogen homeostasis (6, 33, 34) . Thus, cachexia reflects the depletion of protein reserves that initially spares protein in vital visceral organs, but ultimately results in a diminished, followed by a complete inability, to maintain normal vital functions.
The reporter system described here has the ability to noninvasively detect early onset of weight loss in living mice that can be combined with metabolic imaging using with the onset of cachexia. The need to assess muscle loss over a time course of weeks has recently been underscored in a clinical longitudinal assessment of changes in skeletal muscle protein balance in weight losing upper GI tract cancer patients (10) . In this first of its kind study, a higher fractional protein synthesis rate (FSR) of myofibrillar protein in weight losing cancer patients vs weight stable cancer patients and normal controls was observed unlike earlier clinical evaluations of lower FSRs in cachectic cancer patients. This discrepancy was suggested to be due to earlier studied FSR estimates being acquired over much shorter time courses of a few hours while the new approach encompassed a two week time period. A 2.9% increase of protein breakdown rate over FSR was found but an explanation was lacking as to how such a small increase could result in the large weight loss observed. Along these lines, our model system has the potential to investigate some of these unanswered questions.
The rationale for our selection of a MuRF1-based inducible promoter was based on evidence from cachectic rodent models that MuRF1, a muscle specific E3 ubiquitin ligase, was up regulated during muscle atrophy (27) . An online search (see: www.gene-regulation.com) of our tTMuRF1 promoter sequence for putative cis-element binding factors revealed ~110 possible transcription factor binding sites including the myogenin and SMAD binding sites along with the GRE/FBE sites (Figure 1 ). SMADs and myogenin transcription factors have been associated with modulating skeletal muscle atrophy (35, 36) and moreover a pancreatic cancer cachexia clinical study has implicated the former (8) . Numerous transcription factors are involved in the regulation of genes during normal homeostatic regulation of mature muscle mass and satellite cell regeneration (37, 38) . Our reporter system was placed into skeletal muscle and hence subjected to similar complex genetic controls some of which may be revealed in future studies. Alanine in muscle plays a role in balancing systemic glucose levels (9, 33, 34) , and acts as a carrier of nitrogen (34) that may otherwise build up as toxic ammonia. Muscle released alanine is a substrate in liver for gluconeogenesis via pyruvate and the released nitrogen can be excreted as urea (34, 45) . Alanine is also a stimulator of glucagon secretion from pancreatic alpha cells that further increases blood glucose levels (46) . Given that insulin resistance is a common component of clinical cancer associated cachexia, it is possible that the lower alanine levels in muscle of Pa04C tumor bearing mice may be partly due to decreased glucose uptake and consequently, decreased pyruvate, the precursor of alanine (9) . The decrease of alanine from cachectic muscle of Pa04C tumor bearing mice vs mice with Panc1 tumors or normal mice indicates that cachectic mice likely have a general lowered capacity to maintain normal systemic glucose hemostasis that is required for functioning of brain, erythrocytes, and immune cells. CAN-15-1740 gaining mice in the context of low tumor burdens. At sacrifice, tumor burdens were low and ranged from only 0.5 to 3% of body weight. At early time points during the longitudinal portion of the study we observed that very small Pa04C tumors; e.g., ~79 to ~170 mm 3 , induced tdT expression and provided above background fluorescence signals specific to small weight loss events of only 1.2 to 2.7% indicative of early onset of cachexia. This is a strong distinction between our model and previous cancer associated cachectic rodent models where generally very large tumor burdens of at least 10% of body weight and even tumor burdens of 30 -40% of body weight have been common when studying cachexia (47, 48) . Implanting inert "tumor" masses indicated that the mechanical burden of the tumor weight is a large contributing factor to the observed cachexia effects observed in some rodent models (47) . Moreover, human tumor burdens rarely exceed 0.7% of body weight and as such our model may be a more accurate recapitulation of clinical observations (48) .
In a recent report on a transgenic rat model, luciferase cDNA was knocked-in at the last intron of the MuRF1 gene locus to regulate luciferase expression by the endogenous MuRF1 promoter (49), but cancer induced wasting was not modeled. Modeling cancer cachexia on this Sprague-Dawley rat background will be limited to the few syngeneic tumor grafts that are known to generate cachexia or to carcinogenic induced cancer associated with cachexia in SpragueDawley rats (14, 15) . Our relatively simple system offers greater flexibility and a similar capability of real-time optical monitoring of cachexia onset in tumor bearing animals.
We also have noted that the modeling of pancreatic cancer cachexia in rodents has been a challenge and very few reports are available resulting in a sparse dataset to draw conclusions from (15, 16) . However, two recent reports on pancreatic cancer cachexia modeled in mice may contribute significant information in the future (43, 50) . Our new reporter myoblast cell line in the context of a s.c. pancreatic cancer xenograft model is, to the best of our knowledge, the first pancreatic cancer cachexia model system that is capable of longitudinally tracking cancer induced weight loss in mice. Anorexia is often a contributing complication in clinical cancer cachexia, although caloric supplementation does not reverse the syndrome. Since we did not monitor food intake, decreased feeding could have contributed to weight loss. A resulting decrease in blood glucose levels may have been a contributing factor to the decreased alanine levels that we observed.
We did detect early induction of tdT fluorescence in Pa04C tumor bearing mice at a time of insignificant weight loss suggesting that the reporter was activated prior to significant changes in weight loss. Future studies where weight loss is induced through a mechanism other than cancer will further evaluate the influence of weight loss on activating the reporter.
The work described here provides the groundwork for uncovering spatial and temporal changes in metabolism generated by the growing tumor that drive the initiation and consequences of cachexia. Such studies may also identify new targets in the treatment of this syndrome. The metabolic changes in plasma samples observed here require further validation in humans, and may provide a simple inexpensive assay to identify early onset. 
